The Hall effect is one of a large number of effects known as galvanomagnetic and thermomagnetic effects. These effects concern the changes in electric potentials and temperature gradients brought about by the application of a magnetic field to a material carrying electric or heat currents. Comprehensive reviews of the effects have been given by Campbell ( 3 ) and M eissner (10 ) , The effects may be divided into two classes , depending upon whether the magnetic field is applied parallel to the primary current (heat or electric) or perpendicular to the primary current. The former condition lea ds to the longit udinal effects and the latter condition leads to the transverse effects. We shall consider only the transverse effects as this is the class that contains the Hall effect.
II. THE THERJ:v10f·1AGNETIC AND GALVANOMAGNET I C COEFFICIENTS
A. Phenomenological Descripti on 
Equations of current flow
If we assume that the sample A is homogeneous, simple symmetry considerations lead to the following equations for the electric
current density j and the heat current density w:
wherevv is the electric potential gradient, ~T is the temperature VV ::::
Equations for the primed coefficients in terms of the unprimed coefficients are easily found. However, since the equations are
quite complicated and will not be used in the following discussion} they will not be given here. 
Definitions of the coefficients
Coeffic ient s fb r the effe c ts of interest ca n now be defined .
The subscript i indicates an isothermal effect (;} T/ d y = 0).
The subscript a indicates an adiabatic effect (wy = 0). 
General equation
Consider now the general adiabatic case ( jy :: wy == 0). Equation (5) gives for the transverse electric field in the sample
The transverse temperature gradient is obtained from Equation (6).
The measured potential difference beh;een the ends of the Hall probe leads i s obta i ned by integ ra ting the electr i c field in the s a mpl e and the field j_n the probe s and 1eads . 'Ti1e f ield :"Ln the probes a nd l eads plus the second term on the ri ght hand s ide of Equa t i on (7 ) . 
QAB is the thermoelectric power of the thermocouple B:A: B. W hen QAB is positive, conventional current flow is from A to B at the cold junction.
The temperature difference (T 3 -T 2 ) can be obtained by integrating Equation (10) across the width of the sample.
where I is the total current. We have assumed that the integrand is independent of y.
(11)
The. remainder of the measured voltage is obtained by integrating t he first and third terms of Equati on (9) a crosr; the sample.
, ..
'rhe measured potential difference is obtained by combining Equations ( 11 ) ~ ( 12 ) and ( 13 ) .
In gene raJ~_, then, the measured "Hall Voltage" contains terms which are due to the isothermal Hall effect~ the Ettingshausen effect~ the Nernst effect~ and the Righi-Leduc effect.
From Equation (14) and the definition of the measured adiabatic
Hall coefficient ( R~) we see that Ra = Ri -Q,ABP. When this expression is combined ·with Equation (7) we get
S:i.m ila rly , N~ .::; Na -(QAB 1' AJ)S.
(1 6 ) 2. Experimental methods for eliminating the thermal effects a. de method. The ususal de method of measuring the Hall effect will often eliminate all of the disturbing effects except the Ettingshausen effect. rrhis subject is discussed by Lindberg (8) . It is assumed that the measured voltage Vis given by
The first two terms on the right hand side of this equation correspond to the terms of Equation (14 dT/d xis mainly due to an ambient temperature gradient. However, when a current passes through the sample, the Peltier effect will cause one end to heat and the other ~nd to cool. For some materials, particularly semiconductors, this effect can produce an appreciable temperature gradient. This gradient will reverse with the current I and hence the term BH in Equation (17) , which includes the Nernst and Righi-Leduc effects, will not be eliminated. Pugh and Allison produced by the Peltier effect will · reverse when the sample current is reversed. If the current is reversed rapidly enough~ there will not be time for these gradients to build up in either direction and therefore all of the disturbing thermal effects will be eliminated.
The rapid current reversal is usually achieved by using a sinusoidal alternating current. A frequency between 10 and 100 cycles per second is usually sufficient. By making measurements for both d irections of the ma gne tic fiel d , the voltage due to offset Hall probes (CI in Equation (1 7U is also eliminated .
III. RESULTS OF THEORY AND EXPERifv1ENT
A. Free El ectron The ory All of the electrons comprising the primary current do not ' have the same velocity and~ owing to the fact that the Lorentz force is velocity dependent~ there will be some separation of the fast electrons from the slow ones. The Hall field insures that there will be no net transverse electric current but there will still be a transverse heat current consisting of faster electrons moving in one direction 14 and slower electrons moving in the other direction. This transverse heat current produces the Ettingshausen transverse temperature gradient.
When a longitudinal temperature gradient is applied to a sample there is a flow of heat and, initially, an electric current. A longitudinal electric field develops -which stops the electric current.
When a magnetic field is applied a transverse electric field will appear since the Lorentz force is velocity dependent and hence the distribution of transverse velocities will be different than that of longitudinal v~locities. The appearance of this bnnave rs e ele ctric field is the Nernst effect.
The magnetic field also acts on the longitudinal heat current to produce a transverse heat current which results in the RighiLeduc effect.
Metals
Sommerfeld and Frank (14) calculated the galvanomagnetic and thermomagnetic coefficients by using Fermi-Dirac statistics. They also gave the results obtained by using Boltzmann statistics. They assumed that the mean free path was independent of energy and considered only electronic conduction. A weak magnetic field approximation was used. The expressions they obtained are given in Table I .
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,1·· . AI 3 15 Table I . Expressions for coefficients for energy independent mean free path.
Fermi-Dirac statistics
-( 4577/128 ) ( k/ e ))"
In Table I , n is the electron concentration, e is the electronic charge, m is the electron mass, k is Boltzmann•s constant, 1 is the mean free path, T is the absolute temperature and kTf is the Fermi energy.
Sommerfeld and Frank also noted the following relations which hold for Fermi-Dirac statistics: The order of magnitude agreement is indicated.
To estimate the magnitudes of the terms in Equation (14) According to relation (a) above, the Ettingshausen effect should cause negligible error in a Hall measurement. The error can be estimated by computing the second term in the first square brac.ket of Equation (14). We find R/P~ 5.04(lo)-3(volts/°C). For QAB we take the thermoelectric power of silver (relative to lead) which is 2.5(10)-6 volts/°C. Therefore, QA~(R/P) ~ 4.97(10)-4 . Therefore, the Ettingshausen correction is 0.05 per cent and is negligible.
According to relation (b), the adiabatic Nernst effect should be twice the isothermal Nernst effect. To check this fact the second term in the second square bracket of Equation (l L~) can be calculated.
We note that it is always , the .;adiaba tic Hall effect 1·1hich is meas- It can be concluded that the Ettingshausen effect has a negligible effect on a Hall measurement on metals while the Nernst effect may lead to a n error of a few per cent. A measurement of the Nernst effect would be seriously affected by the Righi-Leduc effect.
3.. Semiconductors
An analysis of the magnitudes of the galvanomagnetic and thermomagnetic 'Coefficients for semiconductors is more difficult .
because of the strong dependence of the various parameters on temperature and purity. Also, in general, both holes and electrons will contribute to the coefficients. As will be shown latev~. it is essential to take the lattice thermal conductivity into account.
A glance at Table I would indicate that for semiconductors, where Boltzmann stati stics apply, all of the coefficients except Ki would be much larger than for metals because of the fewer number of carriers a nd the higher mobilities in semiconductors.
Putley (13) gives for PbSe at 300°K, f=-6 .67 (10) All the coefficients except S are higher than those given for silver.
There are two considerations which may modify the expressions given in Table I Table I these coefficients are negative for an energy independent mean free path.
Stilbans (15) and Putley (12) have pointed out that in carrying out the calculation for semiconductors it is important to take the lattice thermal conductivity into account. The lattice thermal conductivity reduces the Ettingshausen and Righi-Leduc effects by the factor K /( K -!· K ) J where K is the thermal conduc t:t vi ty due e e L e to electrons and K 1 is the thermal conductivity due to the lattice. We conclude that for semiconductors it is difficult to give a general rule for the error in a Hall effect measurement due to nonisothermal conditions. Each individual case must be examined separately. The possibility of such an error should be considered especially in the case of a semiconductor with a low thermal conductivity.
B. · Results from Thermodynamics
The thermodynamics of irreversible processes has been applied to the thermomagnetic and galvanomagnetic effects by Fiesche (4) and Callen : (2) . It is shown that although it is possible to define 8~/(2!3~3!) = 560 effects similar to the 8 defined above, only 6 of these will be independent. A particularly important relation between the coefficients that is obtained by these methods is the Bridgman relation (21)
